1. Introduction {#sec1}
===============

Metabolic engineering strives to streamline and sculpt microorganisms for the optimal production of valuable fuels and chemicals. To date, most metabolic engineering efforts have targeted well-characterized microorganisms such as *E. coli* and *S. cerevisiae*, but it is well recognized that non-model microorganisms hold tremendous biotechnological potential ([@bib9]; [@bib20]; [@bib68]; [@bib76]). In this regard, the anaerobic fungi in the clade Neocallimastigomycota possess an unparalleled collection of carbohydrate active enzymes (CAZymes) that can be leveraged to convert plant biomass into value-added commodity and fine chemicals ([@bib37]; [@bib60]; [@bib79]; [@bib93]). The Neocallimastigomycota fungi are primarily found in the digestive tracts of herbivorous animals where they break down ingested lignocellulosic plant biomass ([@bib55]; [@bib65]; [@bib85]) and although their importance for animal welfare is well established, anaerobic gut fungi have not yet been adapted for metabolic engineering or bioprocessing applications.

To fully exploit the biotechnological potential of anaerobic fungi, it is first necessary to understand the functional properties of their proteins, especially their diverse set of biotechnologically important CAZymes ([@bib68]; [@bib76]). To achieve this goal, there is a critical need to (1) develop strategies to transfer gut fungal genes to heterologous hosts, and (2) develop molecular tools to modify the genomic content of the gut fungi. The recently acquired high-resolution transcriptomes and genomes of several gut fungal strains aid in this regard as they not only reveal the enzymatic and proteomic potential of these fungi, but also the genomic guanine-cytosine (GC)/adenine-thymine (AT) nucleotide content, apparent codon-usage patterns, and the amino acid composition of encoded proteins ([@bib37]; [@bib41]; [@bib79]; [@bib93]). In particular, the GC content of any genome often dictates genetic engineering strategies, whether the aim is to transfer genes to a more easily manipulated organism or to engineer the genome of the non-model organism directly.

While a handful of gut fungal proteins have already been produced in model microorganisms (reviewed in ([@bib76])) ([@bib23]; [@bib67]), the vast majority remains uncharacterized, and recent reports suggest that at least some gut fungal genes must be codon optimized for the successful expression in heterologous hosts like yeast ([@bib77]; [@bib79]). Likewise, production of non-native proteins (e.g. reporter proteins) and exogenous metabolic pathways in the anaerobic fungi is likely aided if the codon composition of the exogeneous gene is matched to the apparent codon preference of the host, as has been demonstrated in other fungi ([@bib89]). Moreover, the genomic nucleotide composition may affect how efficiently a genome can be engineered using endonucleases that recognize specific, often G-rich, nucleic acid motifs, such as the increasingly popular Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR Associated protein (Cas) system.

Here, we have analyzed the genomes and proteomes of anaerobic fungi to establish a framework for metabolic engineering in these non-model organisms. The nucleotide composition of all published anaerobic fungal genomes was used to determine gut fungal codon preferences, amino acid distributions, and identify low-complexity regions in the predicted proteomes with emphasis on their rich repertoire of biotechnologically interesting CAZymes. Currently, five species of anaerobic fungi have published nuclear genomes: *Orpinomyces* sp. C1A (later re-classified as *Pecoramyces ruminantium*) ([@bib39]; [@bib93]), *Piromyces* sp. E2, and the high-quality genomes of *Neocallimastix californiae*, *Anaeromyces robustus* and *Piromyces finnis* ([@bib37]). Using the Joint Genome Institute's (JGI) Mycocosm fungal genomes repository, we compared these anaerobic fungal genomes to 438 other sequenced fungi, spanning the fungal tree of life (I. V. [@bib35]). Overall, we find that the coding genomes of anaerobic fungi are exceptionally GC depleted, which significantly impacts codon and amino acid usage in anaerobic gut fungi and limits the application of certain CRISPR variants. Based on these native biases, we introduce a codon optimization table for use in expressing non-native genes in the gut fungi. Analysis of the genomes also reveals genetic machinery implicated in sexual reproduction, and shows that gut fungal CAZymes are highly enriched in repetitive sequences that are linked to glycosylation motifs. Overall, this comparative analysis will aid in the development of metabolic engineering strategies by identifying common pitfalls and suggesting possible solutions to genetically manipulate Neocallimastigomycota fungi.

2. Results and discussion {#sec2}
=========================

2.1. Anaerobic gut fungi have the most GC depleted genomes in the fungal kingdom {#sec2.1}
--------------------------------------------------------------------------------

Biased genomic GC content has significant implications for modern genome sequencing and engineering techniques. For example, it has been shown that regions with extreme nucleotide content hamper next-generation sequencing techniques owing to poor read coverage and difficulties in assembly ([@bib66]). Moreover, the apparent preferred codon usage of an organism may affect how efficiently genes can be transferred between organisms, in particular those that exhibit extreme codon biases ([@bib77]). An analysis of 443 published fungal genomes, sourced from the JGI Mycocosm database and covering 278 genera from across the fungal kingdom, reveals a large variation in the GC content of fungal protein coding genomes, ranging from \~25% GC to \~69% GC ([Fig. 1](#fig1){ref-type="fig"}, [Table S1](#appsec1){ref-type="sec"}). Among these, the obligate anaerobic Neocallimastigomycota consistently have the most GC depleted coding genomes of all sequenced fungi, ranging from \~25% GC in *A. robustus* to \~29% GC in *Piromyces* sp. E2 ([@bib37]; [@bib93]). The GC content of the intergenic, non-coding regions in the anaerobic gut fungi is even lower (\~16% on average): causing the whole-genome GC content of Neocallimastigomycota to range from \~16% to \~22%. This peculiar nucleotide composition of anaerobic fungi was suggested by thermal denaturation studies more than two decades ago, and is a contributing factor to why the first high-resolution genomes were only recently acquired via long-read sequencing technologies ([@bib10]; [@bib62]; [@bib66]).Fig. 1**Neocallimastigomycota are characterized by extremely GC-depleted genomes and proteomes.** GC content within the predicted proteome of 443 fungal genomes is plotted as a function of fungal clade, and varies significantly across the fungal kingdom. The number of species analyzed per clade is indicated in parentheses on the x-axis. The box-and-whisker plots show outliers as points, minima and maxima as whiskers, and the inter-quartile ranges inside the boxes.Fig. 1

[Figure 1](#fig1){ref-type="fig"} also illustrates that the GC content of the fungal protein coding genomes is not readily explained by phylogenetic relationships, as has also been noted for other kingdoms ([@bib51]; [@bib70]; [@bib91]). For example, while Neocallimastigomycota appears to be the most GC depleted fungal phylum, the phylogenetically-related Chytridiomycetes is rather GC rich at \~56% based on 4 genomes from 4 genera. Possibly confounding this analysis is the number of sequenced genomes analyzed in each clade, as some clades are extremely under-sampled to date ([Fig. 1](#fig1){ref-type="fig"}).

2.2. The extreme AT-richness of anaerobic fungal genomes limits CRISPR and other genetic engineering strategies {#sec2.2}
---------------------------------------------------------------------------------------------------------------

The GC content of a genome can be affected by mutation rates, recombination and selection ([@bib7]; [@bib26]; [@bib42]; [@bib43]). While it remains unclear how the anaerobic gut fungal genomes became GC depleted, their AT-richness has several implications for genetic engineering approaches. For example, plasmid-based expression systems are hampered by difficulties associated with identifying promotors and regulatory elements in these genomes, and AT-rich sequences are associated with non-specific binding affecting both primer design and homologous recombination approaches.

Moreover, most genome editing approaches use specific DNA sequence motifs to guide nucleases to the genome. For example, technologies using transcription-factor-like-endonucleases (TALENs) ([@bib2]) and zinc finger nucleases (ZFN) ([@bib8]) depend on DNA-binding protein domains, and the CRISPR-Cas9 system depends on a guide-RNA that brings the nuclease to the desired site ([@bib29]). Genomes that contain regions with extreme nucleotide content may cause poor or nonspecific targeting. For example, the canonical CRISPR-Cas9 system makes use of a G-rich (NGG) protospacer-adjacent motif (PAMs) to target genes for editing ([@bib45]), however recent engineering efforts have broadened the diversity of PAM sites that can be targeted to include: TTN ([@bib94]); NGG, NGA, NGAG, and NGCG ([@bib49]); as well as NNNRRT ([@bib48]) among others. [Table 1](#tbl1){ref-type="table"} shows that the frequency of observing GC-rich PAMs increases accordingly with genomic GC content. Conversely, PAMs that are richer in AT bases are much more abundant in genomes with lower GC content. The relative paucity of GC-rich PAM sites in anaerobic fungal genomes is likely to limit the ability of certain endonucleases to target specific positions of interest, and suggests that AT-rich PAM targeting Cas enzymes may be the most appropriate choice for CRISPR engineering efforts.Table 1**Increasing GC content of fungal genomes increases the number of PAM sequences with higher GC content.** The number of PAMs (PAM sequences ordered in decreasing GC content from left to right) found per mega base pair in the genomes (coding and non-coding regions) of fungi in Neocallimastigomycota, as well as *Saccharomyces cerevisiae*, *Trichoderma reesei* and *Rhodotorula graminis.* The fungi are ordered in increasing GC content. The color scale shows the abundance of PAM sequences found in the genome of each fungus, with darker cells corresponding to more PAM sequences identified.Table 1

On the other hand, one of the most GC-depleted non-fungal eukaryotic microbes are the Apicomplexan *Plasmodium* spp., which include avian and human malaria parasites *P. gallinaceum* (\~21% GC) and *P. falciparum* (\~24% GC) ([@bib87]). Recently, it was suggested that the genome of *P. falciparum* undergoes an extremely high rate of mutations, associated with sequences that have an extreme GC or AT bias, and that this phenomenon may contribute to adaptive evolution ([@bib38]). Although the mutation rate of Neocallimastigomycota is unknown, it is tempting to speculate that similar mechanisms are in place for anaerobic fungi, possibly facilitating horizontal gene transfer of enzymes from ruminal bacteria to the anaerobic fungi ([@bib24]; [@bib37]; [@bib61]) that could be harnessed for genome engineering. Nevertheless, the possibility of high mutation rates could negatively impact the efficacy of the highly specific edits made by CRISPR-Cas like systems.

2.3. Anaerobic fungal genomes contain genes used in sexual reproduction {#sec2.3}
-----------------------------------------------------------------------

Sexual reproduction is often leveraged for engineering industrial fungal strains, thus identification of a putative mating pathway in anaerobic gut fungi could inform future approaches to generate genetic variants ([@bib58]; [@bib78]; [@bib83], [@bib82]). Inducing breeding events in yeast strains, and other biotechnologically relevant fungi, rapidly increases the diversity of mutant libraries through naturally occurring homologous recombination. This mode of diversity generation has advantages over direct genetic engineering; it is straightforward, rapid, and generates genetic variants that are not considered as genetically modified organisms by regulatory frameworks ([@bib83]).

Sexual reproduction is associated with several genomic signatures, including the presence of genes required for mating events and GC content enrichment in genomes and genomic regions that are prone to homologous recombination ([@bib28]; [@bib33]; [@bib44]; [@bib47]; [@bib56]; [@bib57]; [@bib59]; [@bib71]). These genomic signatures have successfully been leveraged to interrogate the existence of sexual reproduction in other fungi ([@bib44]). Further, the positive relationship between GC content and the different rates of outcrossing among fungi could help rationalize why GC content within the fungal kingdom is not readily explained by phylogeny ([@bib40]; [@bib63]) ([Fig. 1](#fig1){ref-type="fig"}). While many variables likely influence GC content in fungal genomes, the gut fungi standout as being particularly GC depleted, possibly suggesting very infrequent outcrossing ([Fig. S1](#appsec1){ref-type="sec"}).

However, some organisms with GC content near that of Neocallimastigomycota were until recently erroneously thought to be asexual, bolstering the idea that the anerobic gut fungi might be able to outcross. For example, sexual reproduction was demonstrated in the opportunistic human pathogen *Candida albicans* (35% GC) ([@bib44]; [@bib57]). Likewise, fungi in the phylum Glomeromycota (\~32% GC) were also thought to be asexual, yet recent sequencing of several genomes revealed genes encoding the molecular machinery required for sexual reproduction ([@bib71]). These findings seem to support the hypothesis that sexual reproduction is an ability shared by all fungi, even those that infrequently outcross.

While experimental evidence has thus far failed to confirm a sexual cycle in anaerobic gut fungi, we find genes with high homology to sex-implicated proteins in every high quality anaerobic fungal genome sequenced to date. Using well characterized proteins from *Saccharomyces cerevisiae*, we are able to identify homologs to kinases and accessory proteins heavily implicated in sexual reproduction (STE20, STE6, GPA1), as well as several meiosis specific genes such as the meiotic recombinase DMC1 ([Table S2](#appsec1){ref-type="sec"}). Notably absent in the Neocallimastigomycota genomes are genes homologous to those coding for peptide mating factors deployed by *S. cerevisiae*, but regions of homology to the *N. crasssa* mating type "a" pheromone are detected in each genome ([Table S2](#appsec1){ref-type="sec"}).

The presence of genes implicated in sexual reproduction indicate that Neocallimastigomycota can, or at one point in evolutionary time were able to, sexually reproduce. However, low GC content in anaerobic fungal genomes could imply that these organisms outcross with extreme discretion. Further experimentation is needed to determine whether sexual reproduction will be a useful tool to generate anaerobic fungal variants. Specifically, elucidation of viable signaling pathways that lead to induction of mating type cells should be tested to determine how such a mating event could be induced and used for metabolic engineering applications ([@bib57]).

2.4. Codon usage preferences of Neocallimastigomycota are a recipe for genetic engineering and expression optimization {#sec2.4}
----------------------------------------------------------------------------------------------------------------------

Although the fungi in Neocallimastigomycota are not yet genetically tractable, efforts are being made to develop genetic transformation methodologies ([@bib11]; [@bib25]). The introduction of novel genes encoding reporter proteins and selection markers into anaerobic gut fungi will likely require codon optimization such that the gut fungal machinery properly maintains and decodes the material. Codon optimization will likely be an important tool to aid in this regard, as has been shown for other fungal clades ([@bib13]; [@bib89]). Analysis of the preferred codon usage in highly expressed genes in Neocallimastigomycota suggests that the anaerobic fungi have a strong preference for AT-rich codons ([Table 2](#tbl2){ref-type="table"}), consistent with their GC-depleted genomes ([Fig. 1](#fig1){ref-type="fig"}). [Table S3](#appsec1){ref-type="sec"} shows the individual codon usage for highly expressed transcripts, as well as the predicted tRNA counts, for both the fungi with transcriptomic expression level data available ([@bib41]).Table 2**Codon optimization table for Neocallimastigomycota**. Fraction of the proteome encoded for by each codon in highly expressed transcripts of *N. californiae* and *A. robustus* averaged, with standard deviation noted. The most AT rich codon for each amino acid is shown in red font, while the most abundant codon within the transcriptome is shown in blue font. AT-rich codons are invariably preferred in anaerobic fungi, in line with the predicted low GC content of the clade.Table 2

While codon optimization may be necessary to express exogenous genes in the gut fungi, their very strong codon bias has implications for heterologous expression of gut fungal genes in model microorganisms. For example, codon optimization to increase the GC content of genes was shown to be a prerequisite for the expression of gut fungal genes in some hosts ([@bib54]; [@bib77]). However, this does not seem to be a universal constraint as other genes from gut fungi have been expressed without codon optimization ([@bib52]; [@bib88]). Nevertheless, codon optimization may prove to be an important consideration for genetic exploitation of gut fungi because their genomes, and consequently their genes, are so extremely GC depleted. Interestingly, [Table S3](#appsec1){ref-type="sec"} also shows that the most abundant codon does not always correspond to the most abundant associated tRNA. For example, across both anaerobic fungi analyzed, AA[T]{.ul} is the most common asparagine codon, however only AA[C]{.ul} (a synonymous asparagine codon) matching tRNAs (TTG anticodons) were identified on the genome. It is likely that tRNA wobbling in the third base position explains this phenomena, as had been noted in other filamentous fungi ([@bib16]).

2.5. Amino acids coded by AT rich codons are favored by Neocallimastigomycota {#sec2.5}
-----------------------------------------------------------------------------

Amino acid composition is important for protein production, stability and post-translational modifications, which has implications for heterologous production. As shown in [Fig. 2](#fig2){ref-type="fig"}, there is a clear correlation between GC content and predicted amino acid distribution in the fungi. The GC depleted fungi, including the Neocallimastigomycota, appear to be enriched in amino acids that are encoded for by AT rich codons (lysine, isoleucine and asparagine) and depleted in amino acids that are encoded for by GC rich codons (alanine, glycine, arginine). Conversely, fungi with GC rich coding genomes have a higher proportion of amino acids that are encoded for by GC rich codons. This is consistent with previous cross-kingdom analyses suggesting that the relative abundances of amino acids in a proteome is largely determined by the GC content of the genome ([@bib51]).Fig. 2**GC-depleted fungal proteomes are enriched in lysine, isoleucine and asparagine.** Average predicted amino acid abundance per clade, ordered in decreasing GC content, is shown across the fungal kingdom. GC-rich fungal phyla are enriched in alanine, glycine, arginine, proline and valine. Asparagine is particularly enriched in Neocallimastigomycota, similar to *P. falciparum*, another extremely GC depleted organism.Fig. 2

Unique glycosylation patterns, influenced by the amino acid composition of a protein, are often difficult to mimic in heterologous hosts and may affect function ([@bib31]). The high abundance of serine, threonine and asparagine in the gut fungal proteomes suggest that glycosylation could be an important component in protein production, and perhaps activity and stability. Additionally, amino acid composition of enzymes has been shown to correlate with, amongst other properties, thermal stability. The gut fungi grow optimally at 39 ​°C, suggesting that their enzymes, and specifically their biotechnologically relevant CAZymes, are tailored for this temperature ([@bib36]). In contrast, *T. reesei* grows optimally at 28 ​°C, but significant protein engineering efforts have improved the thermal stability of its cellulases to function in the range of 50--70 ​°C ([@bib19]). It is tempting to speculate that gut fungal enzymes may also be amenable to such engineering efforts and, combined with their natively very diverse cellulolytic enzyme repertoire, might increase the efficiency of high temperature biomass conversion processes even further. Finally, the nitrogen content of media has been shown to influence the growth rates of gut fungi, possibly due to amino acid biosynthesis (in particular lysine) bottlenecks ([@bib3]). Since lysine is one of the most abundantly used amino acids in the gut fungal proteome, it suggests that media supplementation strategies could be beneficial for protein production in the gut fungi.

2.6. Anaerobic fungal CAZymes are enriched in homopolymeric amino acid runs {#sec2.6}
---------------------------------------------------------------------------

Homopolymeric runs of five or more consecutive identical amino acids are common in eukaryotic proteins ([@bib1]). While their evolutionary origin is debated, it has been suggested that these low-complexity regions provide eukaryotes with a major source of phenotypic variation ([@bib27]) and are associated with functionally important intrinsically disordered regions ([@bib90]). All fungal clades we investigated here have proteins with runs, where the average fraction of the proteome with runs ranges from 3% in Microsporidia (based on 8 genomes, 5 genera), to 30% in Neocallimastigomycota (based on 5 genomes, 4 genera), and finally to 37% in Ustilaginomycotina (based on 16 genomes, 14 genera) for each clade ([Table S4](#appsec1){ref-type="sec"}). However, these runs are not evenly distributed across all the amino acids. [Fig. 3](#fig3){ref-type="fig"} shows that runs with leucine, valine, isoleucine, arginine, phenylalanine, tyrosine, methionine, cysteine and tryptophan are largely absent. The absence of proteins with bulky aromatic or hydrophobic amino acids implies that there is likely a cost associated with having long stretches of these residues. In the case of hydrophobic amino acids (valine, leucine, methionine and isoleucine) protein aggregation likely plays a role in preventing such runs from occurring. Smaller amino acids, like glycine, serine and alanine are more frequently found in runs, along with most of the polar amino acids. Cysteine is an exception to this, likely due to its reactive sulphur side chain.Fig. 3**Proteins with asparagine runs constitute an unusually large fraction of the Neocallimastigomycota proteome.** Average amino acid run (five or more of the same amino acid consecutively in a protein) fraction per clade, ordered in decreasing GC content, in the fungal kingdom. Hydrophobic (valine, leucine, methionine and isoleucine) and bulky (phenylalanine, tyrosine and tryptophan) amino acids are noticeably absent in runs, while smaller (alanine) uncharged, polar (serine, threonine, proline, glutamine) amino acids are frequently found in runs.Fig. 3

Despite the likely complex evolutionary origin of these runs in proteins, analysis of all the CAZymes found in Neocallimastigomycota revealed that more than a quarter of all CAZymes contained a run motif. Interestingly, a large variation in the fraction of CAZymes with runs were found throughout the fungal kingdom ([Fig. 4](#fig4){ref-type="fig"}). Neocallimastigomycota (28% with 5 genomes), Orbiliomycetes (27% with 2 genomes), and Monoblepharidomycetes (25% for a single genome) had the highest fractions of CAZymes with runs; all the other clades had less than 20% on average. Given that only the simplest repetitive structure was searched for, this is likely an underestimate of the CAZymes that contain such low-complexity regions. Furthermore, using transcriptomic data for *N. californiae* and *A. robustus* ([@bib41]; [@bib79]) it was found that there are no significant differences in expression levels between CAZymes with and without run motifs (using the two sample Kolmogorov-Smirnov test). However, there is a significant difference (using the two-sample unequal variance *t*-test, P ​\< ​0.01) in the ratio of CAZymes with runs versus total number of CAZymes between the fungi in Neocallimastigomycota and the genera *Trichoderma* and *Aspergillus*, which contain biotechnologically relevant organisms, (mean ratio of 0.28, 0.11, and 0.14 CAZymes with runs versus the total number CAZymes for each group respectively). Given the wide spread usage of *Trichoderma reesei* and *Aspergillus niger* in cellulase production ([@bib84]), it raises the question of the function of these runs, and if they impart some benefit to enzyme effectiveness.Fig. 4**Neocallimastigomycota have significantly more CAZymes with amino acid repeatrunsthan other fungal clades.** Here the distribution of the fraction of CAZymes with runs relative to all the CAZymes in each fungus, grouped by clade, is plotted. The number in parentheses is the number of fungi included in each clade. Statistically significant differences in the distributions between Neocallimastigomycota and all the other clades are indicated by \* using the two sample Kolmogorov-Smirnoff test (P ​\< ​0.05). The distribution of the fraction of CAZymes with runs in each clade is shown in the blue violin plots overlaid by orange box-and-whisker plots where outliers are shown as points, minima and maxima as whiskers, and the inter-quartile ranges inside the boxes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

2.7. Homopolymeric amino acid runs in CAZymes are enriched in threonine and serine, suggesting these enzymes are heavily glycosylated {#sec2.7}
-------------------------------------------------------------------------------------------------------------------------------------

While the organisms belonging to Neocallimastigomycota are still genetically intractable, heterologous expression of their CAZymes is likely the most expedient route to unlocking their biotechnological promise. However, expressing CAZymes heterologously is not straightforward, in part due to glycosylation patterns that are difficult to mimic outside of the native host ([@bib34]). Moreover, recent work highlighting the role of processive enzymes attached to the cellulosome produced by members of Neocallimastigomycota showed that its CAZymes are heavily glycosylated ([@bib37]). Indeed, genomic data indicate ([Table S5](#appsec1){ref-type="sec"}) that the machinery for both N- and O-linked glycosylation is present in each sequenced genome of Neocallimastigomycota. Furthermore, by scanning the linker regions of all the CAZymes found in Neocallimastigomycota, *T. reesei*, and *A. niger* ([Fig. 5](#fig5){ref-type="fig"}A) for the canonical N-X-(S or T) (where X is any amino acid except proline) N-glycosylation motif, it becomes apparent that the motif is more abundant in the anaerobic gut fungi than in the latter two organisms. Only \~22% of the CAZymes found in the high-quality genomes of *N. californiae, A. robustus*, and *P. finnis* lack N-glycosylation motifs, compared to \~49% and \~35% for *T. reesei* and *A. niger*, respectively.Fig. 5**(A) CAZymes in Neocallimastigomycota have more N-glycosylation motifs relative to other industrially important cellulolytic fungi.** The fraction of CAZymes with a specified number of N-glycosylation motifs (N-X-S/T where X is not proline) on the x-axis in *N. californiae*, *A. robustus* and *P. finnis* (grouped as Neocallimastigomycota here, the other members are not shown due to their lower quality genomes), *T. reesei*, and *A. niger*. Linker regions are defined as the inter-domain regions of proteins. Neocallimastigomycota has a higher proportion of CAZymes with 2 or more N-glycosyaltion motifs than either *T. reesei* or *A. niger*. **(B) Threonine is disproportionately abundant in the linker region of CAZymes in Neocallimastigomycota, suggesting O-glycosylation sites may be abundant.** Amino acid fraction in all proteins with at least one CAZyme domain divided into three groups: domains, linker regions of proteins with runs (five or more of the same amino acid consecutively in a protein), and linker regions of proteins without runs. Linker regions are defined as the inter-domain regions. Serines, and especially threonines, are highly enriched in the inter-domain regions of CAZymes with runs and without runs.Fig. 5

While N-linked glyosylation sites are straightforward to predict, no such recognition site has yet been identified for O-linked glycosylation. However, threonine and serine rich regions in the linker region of cellulase proteins are likely candidates for O-glycosylation ([@bib5]; [@bib73]). [Figure 5](#fig5){ref-type="fig"}B shows the amino acid abundance in CAZymes split into domains and the inter-domain (linker) regions, which are further separated into linker regions of proteins with and without runs. It is clear that asparagine, serine, and especially threonine, are significantly enriched in the linker regions of Neocallimastigomycota. The threonine enrichment is even more pronounced in the linker regions of proteins that have runs, reflecting the disproportionate abundance of threonine runs in CAZymes.

Given that glycosylation is a mechanism used by cells to protect CAZymes from proteolytic cleavage, and that the rumen of herbivores is heavily populated with proteases ([@bib4]), is reasonable to hypothesize that these regions are indeed glycosylated *in vivo*. Prior work has shown that CAZymes within the cellulosomes of Neocallimastigomycota are indeed heavily glycosylated ([@bib37]). Additionally, marked increases in CAZyme activity have been observed when the expression host is changed to an organism capable of glycosylating its enzymes ([@bib18], [@bib17]; [@bib92]). Finally, the importance of linker regions in cellulase function ([@bib80]) reinforces the idea that metabolic engineering strategies should take these features into account to optimally leverage the CAZyme machinery of Neocallimastigomycota.

3. Conclusions {#sec3}
==============

While the underlying reasons for GC depletion in Neocallimastigomycota remain unclear, the consequences of this AT-richness for metabolic engineering are numerous. The possibility that the anaerobic gut fungi have high mutational rates due to their GC depletion has interesting implications for strain evolution, engineering, and stability. Understanding how, and at what rate, their genomes evolve will provide an improved roadmap to engineer these organisms ([@bib64]; [@bib74]). While functional genetic tools to modify the anaerobic fungi are in development, the codon optimization strategy presented here may attenuate the current difficulties associated with expressing non-native genes in these hosts. The GC depleted genomes likely also limit the use of G-rich PAM targeting Cas enzymes in the CRISPR system, suggesting that Cas enzymes engineered to target T-rich PAM sites should be prioritized for engineering anaerobic fungi. Comparative genomic analyses have shown that homopolymeric runs of amino acids are unusually common in anaerobic fungi, especially in their CAZyme machinery. These motifs likely serve important functions, e.g. glycosylation sites that prevent proteolytic cleavage, suggesting the importance of understanding their role if gut fungal CAZymes are heterologously produced in a model organism.

4. Materials and methods {#sec4}
========================

4.1. Collection and processing of genomic data {#sec4.1}
----------------------------------------------

The Mycocosm database, curated by the Joint Genome Institute (JGI), was used to download 443 sequenced fungal genomes (listed in [Tables S1 and (I](#appsec1){ref-type="sec"}. V [@bib35])), as well as their predicted protein coding genes, predicted proteomes and associated PFAM annotations. The whole genomes (protein coding and non-coding regions) were also downloaded for all the sequenced fungi in Neocallimastigomycota, as well as *Saccharomyces cerevisiae*, *Trichoderma reesei* and *Rhodotorula graminis* (accessed November 2018) (I. V. [@bib35]). The *de novo* assembled transcriptomes of *A. robustus* and *N. californiae* ([@bib79]) and the associated differential transcriptomic datasets for each these fungi grown in isolation on reed canary grass ([@bib41]) were also used as described below. Scripts using the Julia programming language, and the associated BioSequences and Hypothesis Tests packages, were used to process and analyze the data ([@bib6]). Code is available on Mendeley Data, [https://doi.org/10.17632/26vywtfkrz.1](10.17632/26vywtfkrz.1){#intref0010}.

4.2. Nucleotide content, genome analysis and construction of codon tables {#sec4.2}
-------------------------------------------------------------------------

Using genomic data, the nucleotide content of the protein coding genes for all 443 fungi, as well as the unmasked whole fungal genomes for the fungi in Neocallimastigomycota, were calculated by counting each nucleotide base (G, C, T, A) and ignoring gaps and indeterminate bases (N). The GC fraction was then calculated by dividing the total number of G and C bases by the total number of G, C, T, and A bases ((G ​+ ​C)/(G ​+ ​C ​+ ​A ​+ ​T)). Similarly, the amino acid abundances were calculated by counting the number of each amino acid found in the predicted proteome, which is the translated protein coding gene, relative to the total number of amino acids in the same predicted proteome for each organism. Phylogenetic classifications were based on the taxonomic assignments as defined by the JGI. The number of protospacer adjacent motif (PAM) sites per genome was counted by parsing through each scaffold on the whole genomes of all the sequenced fungi in Neocallimastigomycota, as well as *Saccharomyces cerevisiae*, *Trichoderma reesei* and *Rhodotorula graminis,* and counting the number of matches to a particular motif, e.g. TTN would match to TTA, TTG, TTT and TTC, using the Julia BioSequences package. The number of hits was then divided by the total number of bases in each fungal genome.

Codon optimization tables for anaerobic fungi were calculated by first identifying the top 1000 most expressed genes in the fungal isolates *N. californiae* and *A. robustus* using the differential transcriptomic data for these fungi grown on reed canary grass from [@bib41] ([@bib41]). BLASTn was then used to align these transcripts to their predicted genes ([@bib12]). Only genes with coverage greater than 90% and e-values less than 10^−60^ were decomposed into codons. The frequency of each codon was then calculated by counting the number of times it appears relative to all the other synonymous codons. The tRNA gene counts in the genomes of *A. robustus* and *N. californiae* were found by tRNAscan-SE using the eukaryotic specific parameters ([@bib15]).

4.3. Identification of homopolymeric amino acid runs and glycosylation motifs in fungi {#sec4.3}
--------------------------------------------------------------------------------------

Using the Julia BioSequences package, the predicted proteomes from downloaded Mycocosm fungal genomes were searched for homopolymeric runs of 5 or more consecutive amino acids of the same type ([@bib46]) through the regular expression "X{5,}" where X is the amino acid query. This bioinformatic search returns the longest uninterrupted hit of 5 of more amino acids (X) in succession within the proteome. For example, the hypothetical protein, "MGK**TTTTT**L**TTTTTTT**F", has two threonine runs of length five and six. The canonical N-glycosylation motif, N-X-(S or T) (where N is asparagine, X is any amino acid except proline, S is serine and T is threonine) ([@bib21]), was found by searching each protein using the regular expression "N\[ˆP\](S\|T)".

4.4. CAZyme identification and transcriptomic expression analysis {#sec4.4}
-----------------------------------------------------------------

CAZymes were identified by matching the predicted protein family annotations from the PFAM annotation files in the 443 sequenced fungal genomic datasets to a list of CAZyme family domains. See [Table S6](#appsec1){ref-type="sec"} for the PFAM to CAZyme family domain association table ([@bib14]). A protein was designated as a CAZyme if at least one annotated PFAM domain was found in the CAZyme family domain list. For each fungus, this filtered list of CAZymes was used to search for amino acid runs as described above, to determine the amino acid composition of the CAZymes and to find predicted N-glycosylation motifs. Furthermore, only predicted CAZymes that had a coverage greater than 90% and an e-value less than 10^−40^ (using BLASTn ([@bib12]) to match the associated gene against the transcriptomes in ([@bib79])) were included in the CAZyme expression analysis using the reed canary grass condition data of ([@bib41]).

4.5. Annotation of sexual reproduction and glycosylation genomic machinery in fungal genomes {#sec4.5}
--------------------------------------------------------------------------------------------

To evaluate the potential for sexual reproduction by clade Neocallimastigomycota, we searched member genomes for a subset of proteins required by other fungi for sexual reproduction ([@bib44]). Using *S. cerevisiae* peptide sequences obtained from "The Saccharomyces Genome Database (SGD)" ([www.yeastgenome.org](http://www.yeastgenome.org){#intref0015}) as queries we searched for mating factors, proteins involved in sexual reproduction, and proteins involved in meiosis. Specific *Saccharomyces* genes queried included sex-implicated kinases (STE20) ([@bib53]), sex-signal transduction proteins (STE6, GPA1) ([@bib69]; [@bib72]), meiosis specific recombinases (DMC1) ([@bib22]), and mating factors (MATa/MATα) ([@bib44]). Additionally, peptide mating factors of *N. crassa* (MATA/MATa), and pheromone receptor domain containing proteins from cryptically sexual fungi were queried against anaerobic fungal genomes ([@bib32]; [@bib71]; [@bib81]). The tBLASTn algorithm with a BLOSUM62 substitution matrix was used to score peptide alignments against genomes using an expected e-value of 10^−25^ ([@bib12]).

The glycosylation machinery in fungi is highly conserved, as such *S. cerevisiae*'s canonical genes were used as benchmarks for the identification of putative glycosylation pathways ([@bib21]). The predicted proteins of the gut fungi were compared to benchmark proteins found in *S. cerevisiae* (downloaded from [@bib86]) using BLASTp ([@bib12]). A gene was deemed present if the coverage was greater than 50% and the e-value less than 10^−20^. O-glycosylation was deemed possible if all PMT1-4 genes were found ([@bib30]) and N-glycosylation was deemed possible if at least three of DPM1, ALG3, ALG9, ALG12, OST1, OST3 and STT3 were found ([@bib21]; [@bib50]), see [Table S5](#appsec1){ref-type="sec"} for a collation of the blast results.

Appendix A. Supplementary data {#appsec1}
==============================

The following is the Supplementary data to this article:Multimedia component 1Multimedia component 1
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